Nucleotide excision repair is a major mechanism of defense against the carcinogenic effects of ultraviolet light. Ultraviolet B causes sunburn and DNA damage in human skin. Nucleotide excision repair has been studied extensively and described in detail at the molecular level, including identi®cation of many nucleotide excision repair-speci®c proteins and the genes encoding nucleotide excision repair proteins. In this study, normal human keratinocytes were exposed to increasing doses of ultraviolet B from uorescent sunlamps, and the effect of this exposure on expression of nucleotide excision repair genes was examined. An RNase protection assay was performed to quantify transcripts from nucleotide excision repair genes, and a slot blot DNA repair activity assay was used to assess induction of the nucleotide excision repair pathway. The activity assay demonstrated that cyclobutane pyrimidine dimers were removed ef®ciently after exposure to low doses of ultraviolet B, but this activity was delayed signi®-cantly at higher doses. All nucleotide excision repair genes examined demonstrated a similar trend: ultraviolet B induces expression of nucleotide excision repair genes at low doses, but downregulates expression at higher doses. In addition, we show that preexposure of cells to low-dose ultraviolet protected keratinocytes from apoptosis following high-dose exposure. These data support the notion that nucleotide excision repair is induced in cells exposed to low doses of ultraviolet B, which may protect damaged keratinocytes from cell death; however, exposure to high doses of ultraviolet B downregulates nucleotide excision repair genes and is associated with cell death. Key words: DNA repair/apoptosis/keratinocyte/ photoproducts/PCNA. J Invest Dermatol 117: 1490±1497, 2001 N ucleotide excision repair (NER) acts on a wide variety of DNA lesions such as the cyclobutane pyrimidine dimers caused by ultraviolet (UV) light, regardless of solar or arti®cial, and chemical adducts caused by benzo [a] pyrene (Celotti et al, 1993; Maeda et al, 1999) , a¯atoxin (Oleykowski et al, 1993) , and cisplatin (Moggs et al, 1997) . UV-induced damage to the skin, and association of sun exposure with skin cancer, is an important concern for human health. The most common UV-induced lesions in DNA are cyclobutane pyrimidine dimers (CPD) and (6±4) photoproducts. Defects in NER are responsible for the extreme photosensitivity and predisposition to skin cancer of patients with the hereditary disease xeroderma pigmentosum (XP), a rare autosomal recessive disease. XP patients have a 1000-fold increased frequency of skin cancer (Cleaver and Kraemer, 1995) .
In the last decade, NER proteins have been isolated, their genes have been cloned, and the functional roles of the NER proteins have been analyzed in vivo and in vitro (de Laat et al, 1999; Lindahl and Wood, 1999) ; however, the regulation mechanism of these genes still remains to be elucidated.
In bacteria, single-stranded DNA generated during the course of DNA damage and repair interacts with and activates a protease, leading to de-repression of at least 20 genes involved in DNA repair, replication, and cell survival (Walker, 1984) . This is termed the SOS response and serves not only to enhance survival after irradiation, but also to increase bacterial resistance to subsequent UV-induced DNA damage. Thus, if bacteria are exposed to a sublethal dose of UV irradiation, allowed to recover, and subsequently exposed to the same UV dose, the organisms process the DNA damage more ef®ciently and their survival is enhanced. In prokaryotes, the SOS response is inducible by UV light and DNA damage (Peterson et al, 1988; Sancar and Sancar, 1988) , but the existence of a coordinately regulated SOS response in eukaryotes has not been clearly demonstrated; however, there have been a few reports suggesting that excision repair in human cells is enhanced by UV light, DNA damaging chemicals or small DNA fragments (Protic et al, 1988; Eller et al, 1997; Maeda et al, 1999) . Recent study in prokaryotes, however, has revealed that proper order of assembly of RecA±DNA interaction is required for ef®cient DNA repair (Levin-Zaidman et al, 2000) .
In addition to NER-speci®c genes, other genes such as p53 (Reed et al, 1991; Lee et al, 1995) and GADD45 (Smith et al, 2000) have also been suggested to be involved in NER. Among them, proliferating cell nuclear antigen (PCNA), known to be transcriptionally regulated by p53 (Morris et al, 1996) , also shown to interact with GADD45 (Smith et al, 1994) . Thus, PCNA convincingly plays an important part in NER. It also interacts with other proteins forming various multiprotein complexes that move along the DNA and operate as a communication point and signalprocessing center for a variety of cellular processes, including DNA replication, and apoptosis (Zhang et al, 1993; Sancar, 1994) .
In this study, transcriptional regulation of major NER genes was investigated in normal human keratinocytes exposed to UVB. Keratinocytes were treated with UVB from¯uorescent sunlamps, and treated and untreated cells were analyzed using¯ow cytometry and RNase protection assay to quantify the expression of NERrelated genes. Further, slot blot assay was performed to assess DNA repair activity. The results suggest that UV regulates major NER genes and apoptosis in a dose-dependent manner. A possible photoprotective role of UVB exposure to human skin is discussed.
MATERIALS AND METHODS
Keratinocyte culture Normal human keratinocytes were purchased from Clonetics (Charlotte, NC). The cells were plated in 10 cm dishes and grown in Keratinocytes-SFM (Life Technologies, Burlington, Canada) at 37°C until 80% con¯uency was reached. The cells for this experiment were incubated in low calcium environment (0.02 mM), except for the experiment for DR4 in 1.0 or 0.02 mM calcium.
UV irradiation
The cells were rinsed twice with phosphate-buffered saline (PBS) and were irradiated using 100, 300, or 600 J per m 2 with a bank of four un®ltered sun lamps (FS20BP, Daavlin, Bryan, OH). To avoid any UVC contamination, lids of the culture dishes (Corning, Corning, NY) were kept on during the irradiation (Werninghaus et al, 1991) . The lid showed absorbance below 300 nm with in®nite absorbance below 280 nm. The intensity of the UV light was measured with an IL1700 radiometer with a WN 320 ®lter and an A123 quartz diffuser (International Light, Newburyport, MA), and the light peak was at 295 nm (Gasparro and Brown, 2000) .
Cytotoxicity assay Cells were stained with crystal violet 72 h after UVB irradiation at 0, 100, 300, or 600 J per m 2 with modi®cation as described (Wajant et al, 1998; Leverkus et al, 2000) . Cells (1.8 Q 10 5 ) were plated in 35 mm dishes and irradiated with UVB on the next day. The cells were rinsed with PBS once, ®xed with methanol, and stained with crystal violet. Absorbance at 570 nm of the stained plates was measured with a spectrophotometer (Ultraspec 2000, Pharmacia Biotech, Cambridge, U.K.). Four measurements were made for each culture dish and the survival rate was calculated, assuming 100% survival in the absence of UV irradiation.
Flow cytometry For cell cycle and apoptosis analysis, DNA content was measured by propidium iodide staining and¯ow cytometry (Denning et al, 1998) . After irradiation at 100, 300, and 600 J per m 2 UVB, keratinocytes were trypsinized and combined with¯oating cells at 8, 24, and 48 h. Cells without UV irradiation were harvested at the same time points and analyzed similarly (control cells). Cells were neutralized with Dulbecco's minimal Eagle's medium containing 10% fetal bovine serum, centrifuged, and washed twice in 3 ml PBS supplemented 1% glucose (PBS + ). The cell pellet was suspended in 1 ml ice-cold 70% ethanol with gentle vortexing. The cells were incubated overnight on a rocker at 4°C. The cells were centrifuged and suspended in 0.5 ml staining solution (50 mg propidium iodide per ml, 100 U per ml RNase in PBS + ) and incubated at room temperature for 1 h. The propidium iodide staining was quantitated by running the samples on a FACScan (Becton Dickinson, San Jose, CA). The cells were acquired by CELLQuest program and were analyzed using Mod®t LT 2.0.
Slot blot analysis Cells were harvested at 0, 4, 8, 24, and 48 h after UV irradiation. Genomic DNA was isolated using DNeasy kit (Qiagen, Mississauga, ON, Canada) according to the manufacturer's protocol. For the control, DNA was harvested from nonirradiated cells. DNA was denatured for quanti®cation of thymine dimers as follows: DNA (100 ng in 0.32 M NaOH, 5 mM ethylenediamine tetraacetic acid) was boiled for 10 min, followed by the addition of acetic acid and cold ammonium acetate to ®nal concentrations of 1.4 M and 0.6 M, respectively. DNA was denatured for quanti®cation of (6±4) photoproducts as follows: DNA (200 ng in 7.8 mM ethylenediamine tetraacetic acid) was boiled for 10 min, followed by addition of cold ammonium acetate to a ®nal concentration of 1.2 M. To quantify the DNA lesions, denatured DNA was spotted on to nitrocellulose membrane prewetted with 6 Q sodium citrate/chloride buffer using a slot blot apparatus (Bio-Dot SF, Bio-Rad, Mississauga, ON, Canada). The ®lter was baked at 80°C for 2 h. Quanti®cation of thymine dimers and (6±4) photoproducts was carried out using monoclonal antibodies MC-062 (clone KTM53, Kamiya Biomedical, Seattle, WA) and 64M-2, respectively. Antibody binding was determined by using ECL plus (Amersham, Baie d'Urfe Â, Que Âbec, Canada), and quanti®ed by autoradiography.
RNase protection assay Cells were harvested at 0, 4, 8, and 24 h after UV irradiation. Total RNA was prepared with RNeasy kit (Qiagen) according to the manufacturer's protocol. Gene-speci®c DNA templates were purchased from BD PharMingen (Mississauga, ON). The DNA templates were separated into two sets, NER-1 and NER-2. The templates in NER-1 are XPG, DDB1, XPC, XPF, RPAp70, DDB2, hHR23B, XPA, RPAp32, RPAp14, L32, and GAPDH. NER-2 set includes CSB, XPB, TFIIHp52, TFIIHp44, CSA, CDK7, CycH, TFIIHp34, ERCC1, XPD, L32, and GAPDH. The RNase protection assay was performed according to the manufacturer's instructions. In brief, anti-sense RNA probe is synthesized in vitro from a bacteriophage T7 promoter using the cDNA template of interest (Sambrook et al, 1989) . Reactions were incubated with adenosine triphosphate, cytidine triphosphate, guanosine triphosphate, and uridine triphosphate, and 32 Plabeled uridine triphosphate in the presence of T7 RNA polymerase and reagents provided by the manufacturer. Probes were hybridized in excess to target RNA in solution, and free probe and other single-stranded RNA were digested with RNases. The RNase-protected probes were puri®ed, resolved on denaturing polyacrylamide gels (Gilman, 1993) , and quanti®ed by autoradiography. Each assay was repeated at least twice, and similar results were obtained. Further analysis was performed with Image Gauge version 3.0 after capturing the image by phosphorimager (Fujix Bioimaging system, BAS-1000, Fuji, Japan). The intensity of each gene of interest was measured and values were normalized to values for GAPDH or L32; relative expression values were calculated.
Western blot analysis Irradiated human keratinocytes were harvested at 8, 24, and 48 h after irradiation, and unirradiated cells were also harvested as a control. The cells were rinsed with PBS twice and harvested by scraping into ice-cold RIPA buffer (150 mM NaCl, 1.0% Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris; pH 8.0) with 1 mM phenylmethylsulfonyl¯uoride, 4.5 mg per ml and 1 mM orthovandate. The cell lysates were subjected to sonication and microcentrifugation at 9,000 Q g for 10 min at 4°C. The protein concentrations of supernatants were determined by Lowry Assay. Ten or 30 mg of the total protein were electrophoresed on 15% sodium dodecyl sulfate±polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes in 20 mM Tris, 154 mM glycine and 20% methanol at 4°C. Nonspeci®c binding sites were blocked with 3% nonfat milk and 3% bovine serum albumin in 0.1% Tween/PBS. The membranes were incubated for 1±2 h at room temperature or overnight at 4°C with mouse monoclonal antihuman PCNA antibody (Transduction Laboratories, Lexington, KY) in the blocking solution. Unbound antibody was removed by washing three to four times for 10±20 min. Then, the membranes were incubated for 2 h at room temperature with horseradish peroxidase-conjugated secondary antibody in 0.1% Tween/ PBS containing 1% nonfat milk and 1% bovine serum albumin. After additional washing, bound antibody was detected by Supersignal West Pico (Pierce, Rockford, IL) according to manufacturer's instruction. The membranes were exposed to X-ray ®lm (Fuji, Japan).
RESULTS

UVB irradiation induces apoptosis in keratinocytes
It has been convincingly demonstrated that UVB causes apoptosis in human keratinocytes. Apoptotic cells are often identi®ed by examining DNA fragmentation or the distribution of cells through the cell cycle (Schwarz et al, 1995; Leverkus et al, 1997; Denning et al, 1998) . In this study, cells were stained with crystal violet to determine cell viability, and¯ow cytometry was used to identify apoptotic cells. Only adherent cells stain with crystal violet and absorb at 570 nm. Cells treated with higher doses of UVB had a lower survival rate, and a single dose of 600 J per m 2 was suf®cient to kill most human keratinocytes in culture (Fig 1) . The dose of UVB required to reduce survival to 37% (D 37 ) of human keratinocytes was 410 J per m 2 (Maeda et al, 1994) . Flow cytometry analysis also demonstrated more apoptotic cells at higher doses of UVB. The number of cells in S-phase was signi®cantly increased at 8 h with all UVB doses, however at 24 h, the percentage of cells in S-phase fell considerably at the two higher doses. Meanwhile, the G 2 M peak was increasing at all three doses at the later time-point. There were a large number of apoptotic cells in cultures irradiated with 600 J per m 2 after 24 h (Fig 2) . Cells irradiated 300 J per m 2 had a sub-G 0 /G 1 population at 48 h, but the number of apoptotic cells in the cultures irradiated with 100 J per m 2 was not signi®cant even after 72 h (data not shown).
Photoproducts accumulate in a UVB dose-dependent manner and the repair of CPD was accelerated in cells dosed with 100 J per m 2 UVB A slot blot assay was carried out to detect thymine dimers or (6±4) photoproducts in the DNA of UVB-treated cells using monoclonal antibodies. This assay quanti®es the number of lesions in the DNA and can be used to estimate the rate of global genome repair. As the formation of thymine dimers and (6±4) photoproducts is a photochemical reaction, a linear relationship is expected between the UVB dose and the number of DNA lesions. CPD, particularly thymine dimers, are the major DNA photoproduct, accounting for approximately 75±80% of total DNA damage, with pyrimidine (6±4) pyrimidine photoproducts accounting for most of the remaining lesions (Setlow and Carrier, 1966) . When measured at 0 h (immediately following irradiation), DNA from cells irradiated with 600 or 300 J per m 2 UVB had approximately 6-fold or 3-fold more thymine dimers than the DNA irradiated with 100 J per m 2 UVB, respectively (Fig 3a) . The rate of repair was estimated by quanti®cation of the time-dependent decrease in lesions after irradiation with UVB. In cells irradiated with 100 J per m 2 , repair was complete within 24 h. A slower rate of repair was observed in cells irradiated with 300 J per m 2 ; thymine dimers were still unrepaired at 48 h, although the signal decreased with time (Fig 3a) . In cells irradiated with 600 J per m 2 UVB, no repair of thymine dimers was evident even 48 h after irradiation (Fig 3a) . This experiment was repeated three times and a similar result was obtained. Further, one membrane was reprobed with human genomic DNA for normalization and the result was con®rmed.
Consistent with a previous report (Eller et al, 1997) , the rate of repair of (6±4) photoproducts was considerably faster than the rate of repair of CPD (Fig 3b) . A small number of (6±4) photoproducts were detected in cells irradiated with 100 J per m 2 , but approximately three times more (6±4) photoproducts were observed immediately following irradiation with 300 J per m 2 UVB, and marked increase in the number of (6±4) photoproducts was detected in cells irradiated with 600 J per m 2 UVB (Fig 3b) . In contrast to the repair of thymine dimers in irradiated cells (6±4) photoproducts were removed with a similar ef®ciency in cells irradiated with 100, 300, and 600 J per m 2 UVB. This experiment was repeated twice and a similar result was obtained.
mRNA expression of NER genes is slightly upregulated in cells exposed to 100 J per m 2 UVB The expression of NER genes was quanti®ed at the mRNA level in cells dosed with 100 J per m 2 UVB. The genes that were analyzed were divided into two ; thymine dimers were still unrepaired at 48 h, although the signal decreased with time. In cells irradiated with 600 J per m 2 UVB, no repair of thymine dimers was evident even 48 h after irradiation. (b) (6±4) photoproducts were ef®ciently removed in each dose. A small number of (6±4) photoproducts were detected in cells irradiated with 100 J per m 2 , but approximately three times more (6±4) photoproducts were observed immediately following irradiation with 300 J per m 2 , and marked increase in the number of (6±4) photoproducts was detected in cells irradiated with 600 J per m 2 UVB. In contrast to the repair of thymine dimers in irradiated cells (6±4) photoproducts were removed with a similar ef®ciency in cells irradiated with 100, 300, and 600 J per m 2 UVB. VOL. 117, NO. 6 DECEMBER 2001 sets: NER-1 includes XPG, DDB1, XPC, XPF, RPAp70, DDB2, hHR23B, XPA, RPAp32, RPAp14, L32, and GAPDH; and NER-2 includes CSB, XPB, TFIIHp52, TFIIHp44, CSA, CDK7, CycH, TFIIHp34, ERCC1, XPD, L32, and GAPDH. Autoradiographs of representative assays are shown in Fig 4(a) for genes in NER-1 and Fig 4(b) for genes in NER-2. The expression level of each gene of interest was quanti®ed using phosphorimager analysis and normalized with that of GAPDH or L32. The level of mRNA immediately after irradiation is assumed to represent constitutive expression (i.e., 100% relative expression). The difference between mRNA level before and after UVB irradiation was calculated ( Table I ). For some of the genes, the constitutive or post-UVB level of the transcript were too low to analyze even using a phosphorimager (i.e., XPA, XPF, DDB2, RPAp32, and XPD genes). Compared with the low induction level of the NER-speci®c genes, PCNA was induced 2.5±3.5-fold at 100 and 300 J per m 2 (Fig 5) . The RNase protection assay was reproduced at least two times, with similar results. mRNA expression of NER genes is downregulated in cells exposed to 300 and 600 J per m 2 UVB In cells exposed to 300 J per m 2 UVB, the NER transcript levels were reduced 30± 70%. Expression level was still lower than the constitutive level 24 h after exposure to UVB. In cells exposed to 600 J per m 2 UVB, 10±60% reduction was observed for each gene ( Table I) . Expression of most of the genes recovered to the constitutive level by 48 h after irradiation with 300 J per m 2 UVB, but in cells irradiated with 600 J per m 2 UVB the expression did not return to the constitutive level (data not shown). The expression of PCNA was also downregulated at 600 J per m 2 (Fig 5) . This observation is not a nonspeci®c ®nding; the expression of DR4 (Maeda et al, 2001 ) was examined in cells exposed to 600 J per m 2 UVB, and its expression was markedly upregulated 24 h after irradiation (Fig 6) .
Pre-exposure to low-dose UVB rescued cell death To support the hypothesis that low-dose UVB can enhance cell survival, we modi®ed the procedure of cytotoxicity assay. In brief, the cells were pre-exposed to 100 J per m 2 UVB or unirradiated, then exposed to 300 or 600 J per m 2 on the next day. The cells were ®xed at 72 h post 100 J per m 2 dosing. The cells pretreated with 100 J per m 2 survived 100% or 30% more after 300 or 600 J per m 2 exposure, respectively, than the cells without pretreatment (Fig 7) . This experiment was repeated twice and similar result was obtained.
PCNA protein was upregulated only at low-dose UVB We examined the protein level of NER-related genes. As representative, XPA and hHR23B protein level were examined, but low-dose UVB did not maximally induce the proteins (data not shown). On the contrary, PCNA was upregulated only with lowdose (100 J per m 2 ) UV irradiation, and then downregulated after 8 h (Fig 8) . With 300 or 600 J per m 2 irradiation, PCNA was markedly downregulated. This experiment was repeated three times and a similar result was obtained.
DISCUSSION
Defects in NER are responsible for the extreme photosensitivity and predisposition to skin cancer of XP patients. Seven XP complementation groups (XP-A through XP-G) as well as variant form XP-V have been identi®ed (Cleaver and Bootsma, 1975) , each of which is correlated with de®ciency in a speci®c function in the NER pathway. Cockayne syndrome (CS) is a hereditary human disease involving de®ciency in an NER subpathway that targets repair to actively transcribed genes (Dianov et al, 1997) . CS patients are sun sensitive and have severe mental retardation and neurologic abnormalities. CS is caused by mutations in the CSA or CSB genes.
The NER reaction mechanism is being elucidated in detail with puri®ed proteins and reconstituted systems. At a minimum, the dual incision reaction of NER requires the factors XPA, RPA, XPC, TFIIH, XPG, and ERCC1-XPF in mammalian cells. The XPA gene product plays a crucial part at an early stage of both transcription-coupled repair and global genomic repair (Tanaka et al, 1990) . XPA interacts with damage in the open DNA conformation and assembles the repair machinery at the site of the lesion. XPC is the sole XP factor dispensable for transcriptioncoupled NER and restricted to global genomic NER (Venema et al, 1990) . XPC-hHR23B initiates global genomic repair by sensing and binding lesions (Sugasawa et al, 1998) , locally distorting the DNA double helix and recruiting the other factors of the system. An alternate model proposes that XPA, not XPC, is the damage recognition factor (Wakasugi et al, 1999) . RPA is a single strand DNA (ssDNA)-binding protein composed of three subunits of 70, 32, and 14 kDa. RPA is required for full opening around the damaged DNA lesion (Mu et al, 1997) . TFIIH is a nine-subunit protein complex (Winkler et al, 1998) involved in initiation of RNA polymerase II transcription (Flores et al, 1992) , NER (Wang et al, 1994) , and possibly in cell cycle regulation (Serizawa et al, 1995) . XPB and XPD exhibit DNA-dependent ATPase and helicase functions; the cdk-activating kinase (CAK) subcomplex, comprising subunits Cdk7, cyclin H, and Mat1, can phosphorylate several cyclin-dependent kinases (cdk) (Roy et al, 1994) . The XPG gene encodes a structure-speci®c endonuclease, which cleaves a variety of arti®cial DNA substrates, such as bubbles (O'Donovan et al, 1994) . The ERCC1-XPF complex is also a structure-speci®c endonuclease (Sijbers et al, 1996) . DDB is a factor that is lacking in some XP-E patients (Nichols et al, 1996) . Cells from CS-A and CS- Figure 4 . Autoradiographs of NER-1 set and NER-2 set. The expression of NER genes was quanti®ed at the mRNA level in cells dosed with 100, 300, or 600 J per m 2 UVB. The genes that were analyzed were divided into two sets: (a) NER-1 includes XPG, DDB1, XPC, XPF, RPAp70, DDB2, hHR23B, XPA, RPAp32, RPAp14, L32, and GAPDH, and (b) NER-2 includes CSB, XPB, TFIIHp52, TFIIHp44, CSA, CDK7, CycH, TFIIHp34, ERCC1, XPD, L32, and GAPDH.
B patients are defective in transcription-coupled repair (Cooper et al, 1997) , and CSB was recently found to be associated to polymerase II (Selby and Sancar, 1997) . At the last step of the NER, a damage-containing oligonucleotide is removed, typically 24±32 nucleotides in length, and general replication factors ®ll the remaining gap and ligate it (de Laat et al, 1999) .
Thus, the speci®c roles of NER proteins have been described, and many of these proteins have very specialized functions. In addition, the NER pathway has a high degree of complexity; thus, it is somewhat surprising that the results presented in this study suggest that exposure of keratinocytes to UVB coregulates expression of all the NER genes. This result is consistent with the proposal that a common regulator exists for all genes in the NER pathway.
UVB (290±320 nm) includes the wavelengths of UV light that cause damage to cells in human skin. In contrast to UVC (200± 290 nm), UVB reaches the earth's surface and ef®ciently elicits erythema in human skin. The minimal dose of UVB that causes erythema in human skin depends on the skin color and is in the range of 100±1000 J per m 2 (Harber and Bickers, 1989) . The experiments described here, however, indicate that a single dose of 600 J per m 2 UVB from¯uorescent sunlamps (Gasparro and Brown, 2000) ef®ciently induces apoptosis by 24 h postdosing and few viable adherent cells remain in a culture exposed to that dose 72 h after the dose is given. In addition, the transcripts of major NER genes remain at a level lower than the normal constitutive level even 48 h postdosing, which seems to promote apoptosis. In concordance with this hypothesis, slot blot assay indicates that the repair of thymine dimers is signi®cantly delayed in cells exposed to 600 J per m 2 UVB. If one assumes that abundant endonuclease expressed constitutively in normal cells executes NER in human keratinocytes, one would predict that it would take approximately six times longer to repair the damage induced by 600 J per m 2 than to repair the damage induced by 100 J per m 2 UVB, if the damage Figure 6 . The expression of DR4 was markedly upregulated with 600 J per m 2 UVB. The transcripts of DR4, one of the TNF receptors, showed marked upregulation at 600 J per m 2 in undifferentiated keratinocytes (Ca 2+ ). This supports that our observation in NER genes at 600 J per m2 are not nonspeci®c. accumulates in a linear dose-dependent manner. The results, however, do not agree with this prediction: in contrast, little if any repair is evident in cells exposed to 600 J per m 2 UVB at 48 h postdosing. This result suggests that cells exposed to high doses of UVB turn off NER and induce apoptosis. This is likely to be true even for undifferentiated keratinocytes located in the basal layer of the epidermis (Tron et al, 1999) .
When exposed to a dose of 300 J per m 2 UVB from¯uorescent sunlamps, approximately 50% of the irradiated cells survive, and ow cytometry detects apoptotic cells 48 h postdosing; thus, cells irradiated with 300 J per m 2 UVB can either repair DNA damage by NER or follow an apoptotic pathway towards death. This contrasts with cells exposed to 600 J per m 2 UVB, which are largely apoptotic at 24 h postdosing. Furthermore, transcription of the NER genes returned to a normal level in cells exposed to 300 J per m 2 UVB within 48 h, so that the function of the NER pathway contributes to survival in these cells. When cell viability was determined by staining cells with crystal violet, the results indicate 40% and 50% survival of cells irradiated with 300 J per m 2 UVB at 48 and 72 h postdosing, respectively (data not shown). In addition, after a recovery period of 72 h, cells look morphologically viable, and attach to the bottom of the culture dishes securely. These observations suggest that the repaired cells retain the ability to grow 72 h after irradiation with 300 J per m 2 UVB. Further, slot blot assay demonstrated gradual removal of DNA photolesions in cells exposed to 300 J per m 2 UVB, although it took more than three times longer to remove the lesions induced by this dose than to remove the lesions induced by a dose of 100 J per m 2 UVB. The DNA damage induced by low-dose arti®cial UVB (100 J per m 2 ) in normal human keratinocytes is completely repaired within 24 h for CPD and 4 h for (6±4) photoproducts. Furthermore, low-dose UVB induces slight upregulation of NER genes, suggesting that transcription of the repair genes is enhanced only after low-dose UV exposure. Although the viability of the cells was reduced after exposure to 100 J per m 2 UVB, apoptotic cells were not present even after 72 h, and slot blot assay revealed that repair was complete within 24 h. This discrepancy may be explained, at least in part, by growth arrest caused by UVB. That is, whereas unirradiated cells grow continually for 72 h, the irradiated cells were growth arrested and viable cell numbers did not increase, re¯ecting a cytostatic rather than cytocidal effect. In fact,¯ow cytometry clearly showed the retention of the irradiated cells at Sphase. The S-phase increase is dif®cult to interpret based on the current experiments and in order to clarify this observation, further studies are required. We speculate that a transient G 2 M arrest is occurring, which results in early S elevation.
The rate of repair of thymine dimers in the cells irradiated with 300 J per m 2 UVB was more than three times slower than in cells exposed to 100 J per m 2 UVB, whereas that of (6±4) photoproducts was dose dependent and linear. This is consistent with a recent report indicating that the SOS response induces ef®cient global NER of cyclobutane pyrimidine dimers, but not of (6±4) photoproducts in UV-irradiated Escherichia coli (Crowley and Hanawalt, 1998) . This observation may explain our data, which showed that human keratinocytes irradiated with 100 J per m 2 UVB have accelerated repair of thymine dimers, but not of (6±4) photoproducts. Consequently, we conclude that 100 J per m 2 UVB ef®ciently induces NER-mediated removal of thymine dimers; it is possible that this effect depends on the upregulation at NER gene expression in cultured human keratinocytes.
Enhanced survival rate induced by pretreatment with low-dose UVB can provide partial evidence of the biologic signi®cance of low-dose exposure to the sunlight, although this experiment cannot directly prove that upregulation of NER genes contribute to this rescue. However, PCNA protein, which is convincingly demonstrated to be involved in NER, showed induction only at low dose, and downregulation at higher doses. This observation is consistent with the RPA data at low and high doses, but posttranslational modi®cation plays a part in the intermediate dose (300 J per m 2 ). Interestingly, the low-dose UVB effects reported in our this study show similarity to the effects of exogenous thymidine dinucleotides reported by Goukassian et al (1999) . They have demonstrated that pretreatment with the thymidine dinucleotides enhances the induction of DNA repair proteins, including p53, p21, and PCNA, following UV exposure.
Low-dose UVB can induce NER ef®ciently, but as the UVB dose increases, the apoptotic response competes with NER; and when cells are exposed to an excessive UVB dose, NER is shut off, and the apoptotic pathway dominates. It is a fascinating question how this process is controlled and regulated so that cells can distinguish the dose to which they have been exposed and determine whether to follow the NER or apoptotic pathway. Further experiments are needed. It is possible, however, that cells irradiated with low-dose UVB enhance NER through a photoprotective mechanism of human skin. That is, previous exposure to low-dose UVB, but not high-dose UVB, enhances NER in human skin, which is somewhat analogous to an SOS mechanism. This is similar to a previously proposed mammalian SOS system , but its mechanism is still unclear. The similarity of the effects between low-dose UVB and exogenous thymidine dinucleotides may help to understand the mechanism of mammalian SOS system. Taken together, our data may provide partial evidence that there is a SOS response to DNA damage in human cells as well as in prokaryotes.
UV is a convenient tool to investigate stress response and DNA repair in a model system, but many contradictions exist in the reported results (Gasparro and Brown, 2000) . Much of the Figure 7 . Pre-exposure to low-dose UVB rescued cell death. The cells were pre-exposed to 100 J per m 2 UVB or unirradiated, then exposed to 300 or 600 J per m 2 on the next day. The cells pretreated with low-dose UV showed more survival than the cells without pretreatment. Bars at the data points indicate mean T SD. inconsistency noted between experiments and laboratories may be caused by the use of different UV light sources and different levels of exposure. Our data suggest that the``window'' of effect for the induction of NER genes may be con®ned to a relatively narrow dose range. This observation indicates the importance of careful, accurate, and reproducible experimental design when studying cells, organisms, or animals exposed to UV.
